Introduction 55
Animals use differences in the arrival time of sound at each ear, or interaural time 56 disparities (ITDs), to compute the location of low frequency sound sources (Rayleigh 57 1907) . In vertebrates, ITDs are computed by binaural coincidence detecting neurons in 58 the brainstem. Coincidence detecting neurons reside in nucleus laminaris (NL) in birds 59 ( 1996; Burger et al. 2011 ) and in the medial superior olive (MSO) in mammals (Goldberg 61 and Brown 1969; Yin and Chan 1990) .
In order to perform sound localization 62 computations, these neurons integrate bilateral excitatory and prominent inhibitory inputs 63 while modulating their firing rate based on submillisecond differences in ITDs. 64
Inhibitory synaptic transmission is a key feature of sound localization circuitry, 65 contributing to temporal precision over a broad range of sound intensities. In mammals, 66 precisely timed feed-forward glycinergic input from the medial nucleus of the trapezoid 67 body (MNTB) modulates the ITD selectivity of MSO neurons (Brand et 
Western blot analysis 129
Chicken lung, chicken brainstem, and gerbil brainstem tissue were homogenized 130 in lysis buffer (10mM Tris-HCl pH 7.4, 0.32M sucrose, 5mM EDTA pH 8) supplemented 131 with 0.1mM PMSF and cOmplete-mini EDTA-free protease inhibitor cocktail (Roche), 132 mixed with an equal volume of 4% SDS, and sonicated. Membrane fractions were 133 collected by centrifugation at 13,000 x g (4°C) for 20min with three washes in 134 supplemented lysis buffer. Membranes were resuspended in modified RIPA buffer 135 (25mM Tris pH 7.6, 150mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 1% 136 SDS) supplemented with 1mM PMSF for 10min at room temperature and measured using 137 the DC Protein Assay (Bio-Rad). 20µg of protein was separated by 10% reducing SDS-138 PAGE and then electrotransferred onto a 0.2µm PVDF membrane for Western analysis. 139
Antibodies used: mouse anti-GlyR (1:500; Synaptic Systems, clone mAb4a, 140 cat#:146011); HRP-conjugated goat anti-mouse IgG (1:50,000; Promega). ECL-Plus 141 (GE Healthcare) was used for chemiluminescent detection with Kodak BioMax film. 142
143

In vitro brain slice preparation: 144
For in vitro physiology, 53 white leghorn chickens aged E17-P5 were rapidly 145 decapitated and the brainstem containing auditory nuclei was removed, blocked, and 146 submerged in oxygenated artificial cerebrospinal fluid (ACSF) (containing in mM: 130 147 NaCl, 3 KCl, 10 glucose, 1.25 NaH2PO4, 26 NaHCO3, 3 CaCl2, 1 MgCl2) at 22°C. The 148 brainstem was placed rostral surface down on the stage of a vibrating microtome 149 (HM650V, Microm). Coronal sections (150-200 μm) containing the auditory brainstemnuclei were collected, submerged in an incubation chamber of continuously oxygenated 151 ACSF and incubated at 37°C for approximately one hour. Slices were then maintained at 152 room temperature until used for recording. 153
Brainstem slices were placed in a custom recording chamber on a retractable 154 chamber shuttle system (Siskiyou Design Instruments) and neurons were visualized with 155 a Nikon FN-1 Physiostation microscope using infrared differential interference contrast 156 optics. Video images were captured using a CCD camera (Hammamatsu C7500-50) 157 coupled to a video monitor. The recording chamber was continuously perfused with 158 ACSF at a rate of 2-4 ml/min. An inline feedback temperature controller and heated 159 stage were used to maintain chamber temperature at 35 ± 1°C (TC344B, Warner 160
Instruments, Hamden). 161
In vitro whole-cell recordings: 162
Borosilicate capillary glass pipettes (1B120F-4, WPI) were pulled to a resistance 163 of 4-8 MΩ using a two-stage puller (PC-10, Narishige) and back-filled with internal 164 solution (for voltage clamp containing in mM: 105 CsMeSO3, 35 KCl, 5 EGTA, 10 165 HEPES, 1 MgCl2, 4 ATP-Mg, and 0.3 GTP-Na, pH 7.2 adjusted with KOH). In current 166 clamp experiments, CsMeSO3 was exchanged for K-gluconate and CsCl for KCl. A 167 liquid junction potential of 10mV was corrected for in both internal solutions. 5mM 168 QX314 was added to the internal solution to prevent antidromic spiking. When clamping 169 the membrane at -70mV, these internal solutions yielded depolarizing inhibitory inputs 170 normally observed in the avian brainstem. In voltage clamp, series resistance was 171 compensated at 60-80% (Multiclamp 700B, Molecular Devices). The signal was digitizedwith a Digidata 1440 data acquisition board and recorded using Clampex software 173
(Molecular Devices). 174
Inhibitory inputs were pharmacologically isolated in ACSF containing 6,7-175 dinitroquinoxaline-2,3-dione (DNQX) (40μM) and D-2-amino-5-phosphonopentanoic 176 acid (AP5) (50μM) to block AMPA and NMDA receptors. GlyRs were blocked using 177 strychnine (0.5-1μM). GABA A receptors (GABA A Rs) were blocked using SR95531 178 (20μM). GABA B Rs were blocked with CGP55845 (2μM) during high frequency 179 stimulation protocols. Pharmacological agents were supplied from Tocris except where 180
indicated. 181
GlyR activation via pressure application of glycine 182
Pipettes for pressure application of glycine were pulled to a resistance of ~1MΩ 183 and placed within 50μm of the neuron soma. 100ms glycine (Sigma) (0.5-1mM in ACSF 184 containing DNQX and AP5) puffs were applied using ~2.5psi pressure injection (PLI 185
100A, Warner Instruments). 186
Synaptic activity in NM and NL 187
Inhibitory postsynaptic potentials or currents were evoked with 50μsec stimulus 
Functional testing of glycinergic component 209
The functional test for glycinergic efficacy consisted of suprathreshold current 210 injection trains (duration 0.5-0.6ms ranging from 850-1650pA) at 50 Hz for 50 pulses. 211
The minimum current which evoked 90-100% spiking in the absence of inhibitory input 212 fiber stimulation was used. During the current injection train, synaptic inhibitory input 213 was evoked at 200 Hz for 40 pulses (200ms) using a bipolar tungsten electrode. Spike 214 probability was calculated and compared between control and strychnine conditions (Fig. 2D) . 235
Antibody specificity was confirmed using antigen preabsorption prior to tissue staining 236 (Coleman et al. 2011 ) and Western blot analysis (Fig. 2F) where the glycine receptor α1 237 subunit was detected at the predicted molecular weight (~48kD) and at a similarmolecular weight observed in gerbil brainstem tissue (Fig. 2Fii) , a known GlyR positive 239 brain region in rodents (Friauf et al. 1997, Korada and Schwartz, 1999) . 240
241
Exogenous glycine application evokes strychnine sensitive currents in NM and NL 242
Our immunohistochemical evidence suggests that GlyRs are expressed in NM and 243 NL. Since glycinergic transmission has never been recorded physiologically in these 244 nuclei, we tested whether glycinergic responses could be observed during exogenous 245 glycine application. 100ms glycine puffs were applied to neurons in NM, NL and SON in 246 the presence of glutamate and GABA receptor antagonists. Application of glycine 247 evoked inward current that was almost entirely abolished during bath application of 248 strychnine (0.5-1μM), a GlyR antagonist. Figure 3A shows the glycine response in 249 control, strychnine, and washout conditions for an E19 NM neuron. Figure 2B were evoked in the presence of DNQX and AP5 to block glutamate receptors and 274 CGP55845 to block GABA B Rs. These control IPSCs tended to sum over the first several 275 pulses and then plateau or depress for the remainder of the stimulus train (black trace). 276
The τ decay of the current in this condition was 103 ± 59 ms for the population (n=12). The 277 GABA A R antagonist SR95531 reduced but did not eliminate the evoked IPSC (red 278 trace). The remaining IPSC appeared to accumulate over the course of the stimulus (red 279 arrow in Fig 4C) and reached approximately 18% of the control IPSC by pulse 50 280 (population data for 200Hz: 17.5 ± 2.1%, n=13, Fig 5A,B) . This component had a τ decay 281 of 168 ± 51 ms (n=12, p<0.001 vs. control, paired t-test) and was eliminated with theaddition of 0.5μM strychnine (blue trace) and recovered after washout (green trace) (Fig.  283   4C) . IPSC amplitude recovered near control levels after SR95531 washout (gray trace). 284
Neurons in NL responded similarly to those in NM under the same conditions. 285 Figure 4D shows Fig 5C,D) . The τ decay of the control and SR95531 condition were 193 ± 84 290 ms and 168 ± 66 ms, respectively (n=12, p<0.05, paired t-test). 291
Evoked IPSPs followed a similar response pattern in current clamp in the NM. 4.2% of the IPSC amplitude when compared to control (mean ± SD of the last 5 pulses, 311 n=11, Fig. 5B ). In the NL, 6 of 11 cells showed a small glycinergic component at 20Hz 312 (2.5 ± 3.9%, n=11, Fig. 5D ). As the stimulation frequency increased, the glycinergic 313 component also increased. In the NM there was a large increase between 20 and 50Hz 314 and then smaller gains at 100 and 200Hz (50Hz, 14.2 ± 4.7%, n=8; 100Hz, 15.7 ± 4.5%, 315 n=9; 200Hz, 17.5 ± 6.8%, n=13; Fig 5A,B) . In the NL, the glycinergic component 316 increased more incrementally and appeared to plateau in the 200Hz condition (50Hz, 4.5 317 ± 3.3%, n=11; 100Hz, 6.1 ± 2.9%, n=12; 200Hz, 6.9 ± 2.7%, n=11; Fig 5C,D) . These 318 results indicate that the recruitment of glycine is frequency dependent and that the 319 threshold for glycinergic transmission is close to 20Hz for the majority of neurons tested. 320
321
GlyR block reduces the efficacy of inhibition in NM 322
To test the functional efficacy of glycinergic input to NM, we used a protocol 323 similar to Monsivais et al., (2000) (see Methods) where 50 Hz suprathreshold current 324 pulse trains were injected into NM neurons to evoke spiking while inhibitory fibers were 325 simultaneously stimulated during a 200ms window (40 pulses at 200Hz) (Fig 6A,B) . 326
Representative traces are shown in Figure 6A for an NM neuron in each condition. 327
Activation of inhibitory inputs in the control condition generally reduced spiking by at 328 least 40% during the 250ms following the onset of evoked inhibition (see Methods).
Blocking the glycinergic component of the inhibition with strychnine led to a significant 330 increase in spike probability during inhibitory input activation (control: 0.19 ± 0.12; 331 strychnine 0.50 ± 0.22, mean ± SD; n=7, p<0.005, paired t-test; Fig. 6B ). After 332 strychnine washout, spike probability returned to near control values (0.27 ± 0.15, n=3). 333
These results suggest that glycine release evoked under physiologically relevant stimulus 334 conditions contributes to the overall efficacy of the inhibition, and modulates the 335 excitability of NM neurons. generally associated with the encoding of sound intensity information, the NA and SON 342 (Takahashi et al. 1984) . In the present report, we show for the first time robust 343 expression of GlyRs and evidence of synaptically evoked glycine release in nuclei 344 specialized for temporal processing in the avian auditory system, the NM and NL. We 345 confirm the functionality of the GlyRs and demonstrate that glycinergic transmission is 346 frequency dependent. We also show that the glycinergic transmission is functionally 347 relevant, adding to the efficacy of inhibition to reduce spiking. 348
GlyR immunohistochemistry and receptor function in the sound localization pathway 349
Our immunohistochemical results show robust staining for the GlyR in all four of 350 the main nuclei in the avian auditory brainstem. These data are complementary to 351 previous work, which indicated that glycine could be labeled in presynaptic terminals evoked by transient stimuli such as single-pulses (Fig. 4A,B) . Rather, our results indicate 362 that glycine transmission was only induced during high frequency stimulation. One 363 possibility is that the glycine receptors may be in an extrasynaptic location that requires 364 spillover for activation. The threshold stimulus for detection of the glycine release was 365 typically between 20 and 50 Hz pulse stimulation. Additionally, the percentage of total 366 inhibitory current attributable to glycine increased over the course of the response. Our 367 protocols simulated high but physiologically relevant input rates, within the range of 368 firing rates observed for SON neurons in response to acoustic stimuli in vivo (Coleman et condition, decay kinetics in the NM were slower in SR95531, whereas in the NL they 421 were faster. The kinetics of the glycinergic component remaining after SR95531 422 application were remarkably similar for both nuclei (NM: 168 ± 51 ms, NL: 168 ± 66 423 ms). There are a number of possible mechanisms that could contribute to these rather 424 complex differences in kinetics including variations in extrasynaptic receptors, rates of 425 spillover or cross-reactivity of receptors (reviewed in Muller et al. 2008 ). There was also 426 a considerable amount of asynchronous release in both nuclei that prolonged the decay 427 times (>100ms) as was well described previously in NM (Lu and Trussell 2000) .
Source(s) of glycine 429
The source of glycinergic terminals in NM and NL is unknown, but one 430 possibility is the SON. The somas of some SON neurons stain positively for glycine and 431 GABA suggesting that high levels of both GABA and glycine are present in populations 432 of these cells (Coleman et al. 2011 ). These neurons would seem to be the most 433 parsimonious source of glycine, but it is puzzling that spontaneous glycine release occurs data shows a significant increase in spike probability during strychnine application 636 compared to control (n=7, p<0.005). Grey lines connect the spike probability at each 637 condition for each neuron tested. 
